Abstract: Simulation and optimization techniques are the pillars of for the Virtual Commissioning of modern digital factories. In particular, industrial production lines are complex systems formed by a set of machines that have several cross-dependencies (i. e., the production efficiency of a machine impact deeply performance figures of the others and affects the whole line productivity). The simulation and optimization of production lines is an integrated approach that allows finding efficiently optimized production parameters. This paper presents an example of application of the simulation to the virtual design and optimization of an industrial production line. 
Introduction
The increasing number of product variances, production complexities and the need to answer to a global market demand led the manufacturing industry to define a growing set of industrial solutions in order to make production processes more advanced and efficient.
Nowadays, production lines are composed of sets of machines working together to reach production targets. With the advance of customer demands that necessitated rapid technology enhancement, machines have been improved with smarter control technologies in order to enhance production quality and speed. Moreover, complex monitoring schemes have been added to support predictive maintenance of the machines and components.
Hence, the components and devices used in the production processes are becoming huge in number and complexity: the high number of variables and parameters to be tuned is rapidly making the management and the optimization of the production plants unmanageable without proper supporting tools. This situation represents a serious challenge to machine manufacturers, especially for small and medium size enterprises (SMEs), since they might have little access to the latest production technologies.
In order to enable small and medium size enterprises to face the new challenges that progress of manufacturing system is bringing, Simulation and Optimization techniques are employed, also known as "virtual commissioning" technology [10, 12] .
Combined Simulation and Optimization techniques is a hot topic in industrial research: the contribution [13] addresses the supply chain management under demand uncertainty with simulation-based optimization, while [14] proposes an integrated method based on simulation for preventive maintenance and inventory control of a production line. In a broader sense, the optimization and simulation led to the definition of "digital factory" [15] as an integrated approach to enhance the product and production engineering processes. Different types of simulation, such as discrete event, 3D-motion simulation, hardware and software in the loop, can be applied in virtual models on various planning levels and stages to improve the product and process planning on all levels.
Despite the great potential of this technology to enhance manufacturing company business, this technology is at an early stage of application in standard design processes. We believe that scientific results should be combined with industrial experience to fill this gap. The European project IMPROVE 1 [9] has been developed to facilitate the introduction of digital techniques to industrial processes. In particular, this paper is based on work developed in the framework of the Work Package on Simulation and Optimization of industrial systems. This work aimed to bridge the gap between scientific results to real industrial applications, by developing a process for the seamless integration of simulation and optimization to support the engineering process of production lines in the field of beverage and tissue, also by exploiting the concept of 'Hardware in the Loop' (HIL), [16] , which is based on the coupling of actual control system and the simulated plant. The HIL shortens by far the development process of the controller, since the real control system can be developed and tested well in advance with respect the controlled machine. The paper is organized as follows: in Section 2 the project and the theoretical concepts are shown, while in Section 3 methodologies and the developed simulation of the industrial plant are explained. Section 4 shows the outcome of the project and describes future work.
Concepts

Hardware in the loop
The verification and validation of the controllers for complex mechatronic devices is an important step to assure performance and quality of the overall system [1] [2] . In order to provide satisfying support to Verification and Validation (V&V) of the system, the Hardware in the Loop (HIL) is currently taken into consideration by several researchers: HIL simulation is a technique that connects the real controller with a simulated model of the machine for V&V. In particular HIL simulation provides an effective platform by adding the complexity of the plant under control to the test platform. The complexity of the plant under control is included in test and development by adding a model to mimic the real behavior (e. g., the major dynamics of the systems). This model is referred to as the "plant simulation". The controller to be tested interacts with this plant simulation through real control interfaces in order to test the system in an environment which is closest to the real target control world. This aspect of HIL is particularly important in the engineering processes related to machine development since it allows the System Engineer (SE) to save important resources such as development time and processed material, which would be wasted in a real experiment. Furthermore, it provides an effective V&V by developing the complexity of the plant under control of the test platform.
The development of the HIL simulation, however, faces the following challenges: -The activity of the model development and validation should not overcome the benefit of the HIL simulation. -Since the control system is often (always in case of complex real-time systems) developed by following a modular concept, the development of HIL simulation should deal with this characteristic.
The biggest issue of HIL simulation is the availability of a model of the real system which is reliable and manageable. Since our concern is to test the controller for the physical system, a reliable mathematical model should reproduce the physical behavior from the controller point of view. A second aspect which should be taken into consideration is the model complexity. In fact, an automatic machine is a very complex system, and it is unrealistic to pretend to control the complexity of such a model taken as a whole. Therefore, we can define a tractable model as a model of a system that has a level of complexity which can be successfully managed to obtain useful information from its conceptual analysis and simulation results. Following a modular development approach (Modular Machine Development, MMD), a machine is created by using a functional decomposition into mechatronic parts. Each of these parts is made of physical components (e. g., mechanical) tightly coupled with an electrical control system in order to implement a particular function (e. g., cutting devices, etc.). This division decreases the complexity of the whole system into simpler and more tractable subsystems. Thus, the resulting system is a set of mechatronic subsystems (e. g. modules) that can be simulated alone as single components.
The division allows the sub-systems to act only on their internal variables, since it hides the internal behavior of each subsystem from the others. Instead, the external behavior of each subsystem is visible to other subsystems through communications among them, made possible by using interfaces (e. g., module sensors used by the module control). The communication is described through the exchange of information (exchanged control signals), material exchanged among the physical modules, and energy (power exchanged among the modules).
The communication among subsystems, made possible by using subsystem interfaces, is described through the exchange of: -Information: the control signals exchanged between the control module of each mechatronic object. -Material: which is the material that is exchanged between physical modules (e. g., a piece of product which should be printed with the current date and then packaged by two different modules). -Energy: it is the power that each module exchanges (e. g., a mechanical power which is exchanged between an electrical motor and a mechanical linkage).
The definition of these interfaces makes the exchange interfaces specific and well defined. Consequently, the communication among them makes every module usable by knowing its external behavior, and thus lets the modules be interchangeable and reusable. Furthermore, the use of communication interfaces allows the control software to prevent cross-relationship side-effects, and the physical model from simulating modules as stand-alone systems. The HIL with Modular Development allows each module of the model to describe the behavior of the physical subsystem of the system. Thus, the degree of fineness of the module description depends on the specifications and capacity of the simulation. Several module models of the same subsystem can be created as a library component. This is done in order to describe different features, to adapt the model to the computational power of the simulation platform, to facilitate the reuse, and to simplify the creation of new models. The Modular Development of the system, along with the internal behavior encapsulation, and the definition of communication interfaces allows developers to use a conceptual model of development of the software control system which is typical of software engineering methodology. The conceptual model of software development allows the identification of critical parts and the use of the software engineering and methodology of Object Oriented Programming (OOP) tools which simplify the development of the control software. Further developments are then made easier by using the Unified Modeling Language (UML) [4] that is universally accepted as reference for the development of a software model and allows to create sketches, blueprints and lets the developers translate diagrams into executable code.
Taking into account all of the considerations made in this chapter, we introduce a methodological procedure to develop a system model suitable for a Hardware in the Loop implementation, whose aim is the V&V of the control system: 1. Machine Decomposition: the machine is decomposed into modules following the modularity decomposition of the control logic. 
Continuous time and discrete event system simulation
Based on the complex system we are studying and on its different characteristics, we can simulate it as if it is a System Dynamics (SD) or a Discrete Event system (DES). The choice between DES and SD [3] [5] [6] [7] [8] depends on the system and the situation we want to analyse and simulate. Both are widely used and it sometimes happens that the choice of which of them should be used depends on the level of familiarity of the user with these systems. The other purpose of this chapter is to have a clear vision of both systems. We can start by making some considerations: -Discrete Event Simulation produces a system that changes its behavior only in response to specific events. Thus, it typically models the system under consideration based on a finite number of events distributed over time. This means that, each event occurs at a particular moment in time and, consequentially, creates a change of state in the system. Clearly, consecutive equal events create no mutation and are represented as a single event. DES is traditionally applied to simulate complex logistics systems. Generally, it is able to simulate the behavior of any system, providing valuable information even regarding how the system could be modified. One of its limitations regards the system stability: it is not capable of addressing the stability of a system, a fact to be considered in an aggregated level of planning. That is because the stability to which it refers is the BIBO-stability, in which a system is stable if for each limited signal applied to its input, there is an output signal that is limited as well. -System Dynamics simulation uses a continuous function with real numbers to represent a system that continuously changes. This means that the simulation constantly tracks the system dynamics over time.
The SD can be defined as a methodology able to improve the understanding and performance evaluation of complex systems because it is able to capture and then present loops of feedbacks, interaction and lag mechanisms between the components of the system.
Finally, by taking into account the considerations made in this chapter, we can sum up by saying that: -For what concerns the DES approach: it is involved in the activity of understanding the performance of the modelled system that is mainly dependent on internal and external processes. It emphasises the concept of randomness of the processes involved in the system, underlining the linear relationship between its variables and, thus, internal processes. -For what concerns the SD approach: it is involved in activities that aim to understand the performance of the system over time. In order to do so, the important elements are: the construction and analysis of loops of feedbacks and the representation of the lag dynamics in the modelled systems. The structure of feedbacks is made through a series of non-linear equations. The nature of models is deterministic: randomness is simplified in the structures of the lags. SD models deal with general data and, allowing the inclusion of the soft variables, have an important role in letting the user understand the behaviour of the system under consideration.
Modeling methodology
The paper describes the process to develop a HIL simulation for a portion of packaging line ( Figure 1 ). The overall goal is to validate the control code of the machines in the line by applying simulation and optimization on machine parameters. The simulation tool used is Experior provided by Xcelgo, a Danish company [11].
System requirements
The first step of the design process is about the collection and structuring of the system requirements. In this step the desired production goals are set, as along as the specification for the control system for each machine in the line.
In the industrial example we are describing, we apply the methodology to the simulation of a portion of packing line for liquid food bottling. Figure 2 shows the line layout. The packaging line is composed of four main machines: 1. Packing Machine: this machine is responsible for wrapping the incoming bottles. Regarding its development, the machine module will have to be able to handle several configurations which will comprehend its behavior and the management of the number and size of the bottles; At the end of the module there will be a photocell that will recognize e the packages leaving the module. 2. Tunnel Oven: this machine is responsible to heat the wrap around the bottles, creating a solid package. The bottles enter at a defined velocity and their presence will be recognized by a set of sensors. It will be important to manage how the packages will move along the machine, to track their position, to manage when the packages will get inside the oven and how many of them are inside it. 3. Touchless Conveyors: this module is composed of two curved conveyors and a set of straight conveyors. Its purpose is to connect the Tunnel Oven with the fourth module. 4. Pallettising module: this module is composed of a conveyor where the bottles are accumulated and a pallettiser where the bottles, while moving on a running straight conveyor, are handled by two robotic arms. The aim of this module is to create several pallet layers of different configurations and then put the formed layers each on the other, creating the final pallet.
The machine modules had to be developed in a way that permits the final user to define, by using the Experior GUI, the parameters and behavior of each of them. Moreover, the machines had to work according to a machine-state diagram: depending on the situation, each machine changes its functioning state (Figure 3 ).
Characteristics of simulation software
To be effective in industrial applications, the simulation software must fulfill some technical requirements: -Support of physics (Continuous-Time) and Discrete Event Simulation modalities [ Figure 4 ]. -Implementation of a wide range of industrial communication solutions. -Have the possibility to co-simulate with other software environments, e. g., compatibility with third party software plug-ins. -Extend the model library to create new customized assemblies. Regarding the Continuous-Time simulation mode, once a conveyor has been deployed on the working area, there is the possibility to define if its behaviour should be equal to the behaviour of a Continuous-Time or a Discrete-Event system. For example, we can attach different conveyors dominated by the rules of the continuous time or discrete event environments. For what concerns the implemented physics, it is important that the simulation environments is able to describe rigid body dynamics, soft body dynamics, ragdolls and character controllers, vehicle dynamics, particles, volumetric fluid simulation and cloth simulation including tearing and pressurized cloth.
For what concerns Experior, this engine is used to simulate the objects behaviour (e. g., boxes, pallets, bottles) along the production lines while simulating the models in Continuous-Time-simulation mode. The physics engine in the simulation allows the user to understand the impact of his choices on the production lines: the physics allows to discover if the chosen configuration is suitable for the type of working the user is going to attempt, understanding if it could lead to blocking and starvations along the line, together with the fact that, for example, the processed material could flow along the line without any problems.
Provided with a lot of communication solution, Experior gives the possibility to connect the simulation environment with third-party software, such as industrial controller software and optimization software. The latter, in particular, allows the "what-if" analysis of the packaging line performances with a set of different machine parameters (e. g., length of conveyors).
Customization of components in the model library is possible by using C# programming language inside Visual Studio ( Figure 5 ). Figure 6 shows the model of the industrial plant.
The description of the industrial plant
Accordingly with the documentation, the machine modules are fully customizable by using the Simulator GUI. Moreover, and it is possible to connect a real or simulated industrial controller (Figure 7) .
The modules have been developed in a mixed System Dynamics -Discrete Event Simulation way in order to take the advantages from both types of simulation: the possibility to control the machines with the PLC, in realtime, mixed with the physics properties. The developed machines have some common properties ( Figure 8 ) which regards the dimensions.
We can always find these properties in all of the modules composed of straight conveyors. Having a closer look at the picture above, the dimensional properties are com- Regarding the modules shown in subsection A of this section, the third module is composed of two types of convey- ors (one straight and one curved) and the fourth module is characterized by three types of conveyors. The conveyors are more than the modules according to the modular philosophy of the plant: the final user should be able to pick and place the machine modules he wants and create its own customized production plant.
The Pallettiser is composed of three different conveyors: the Accumulation Conveyor (AC), the Brake Line and a simple straight conveyor, namely Multi-Conveyor. The Accumulation Conveyor (Figure 10 ) purpose is to stack the loads in multiple queues, while letting the Brake Line to feed the next module by following a set of rules, defined in a loadable excel file. This conveyor has to be connected with the Brake Line and the Multi-Conveyor in order to work correctly, letting the system to create the defined pallet layers.
It is possible to control the AC motor and read the sensors data by using an industrial controller (Figure 11 ). The Brake Line Conveyor (Figure 12 ) purpose is to feed its other next attached conveyor (the Multi-Conveyor), creating the pallet layers. It is composed of three independent lanes that can be activated according to the Excel file sequence.
The Multi-Conveyor is a normal conveyor where the packages run. In the real plant, this conveyor is handled by the robotic arms which moves the packages creating the layers: this level of detail is managed by the brake line itself. The layer creation is explained as follows ( Figure 14 ): 1. As the packages reach the Accumulation Conveyor, they will remain stuck at the end of it, creating a queue. When the queue reaches the Minimum Accumulation Sensor (the yellow sensor), the Brake Line motors are activated (Brake Line Filled). 2. The packages get inside the Brake Line and when they reach the end of it, its motors are deactivated (Full Brake Line). 3. The packages will continue running on the conveyors, creating another queue on the Accumulation Conveyor (Nominal State), as long as the Brake Line motors are deactivated. 4. When the queue of packages reaches the Minimum Accumulation Sensor and a "Grant Entry Button" is activated, the Brake Line starts working, creating the first pallet layer (Pallet Layer Creation). The "Grant Entry Button" is controlled by the user that allows the final user to start or stop the Multi-Conveyor feeding session. 5. The Brake Line feeds its attached conveyor, the MultiConveyor, with a set of boxes, according to what has been written on a previously loaded Excel file. In this file [ Figure 13 ] the following information is defined: -Number of packages and lane from which the Multi-Conveyor accepts the packages. -The distance between each set of packages. By reading the excel file, we can understand that the Brake Line will firstly feed the Multi-Conveyor with 6 packages, two of them coming from each lane. As the 6 packages run for 0,4m, the Brake Line will feed the Multi-Conveyor with another package coming from the first lane. The Brake Line continues to feed the Multi-Conveyor by following what has been written in the Excel File.
After this first layer, if the Minimum Accumulation
Sensor is no longer active or if the Grant Entry Button is deactivated, the Brake Line stops feeding the MultiConveyor (Accumulation Conveyor Holding State). 7. If both of those conditions are true, the Brake Line continues to feed the MultiConveyor, according to the excel file (Pallet Layer Creation State).
While the nominal state is running, two different events can occur: -Accumulation Conveyor Full State: if the queue of packages, on the Accumulation Conveyor, reaches the Maximum Accumulation Sensor, the motors of the last Curved Touchless Conveyor and of the Packer Machine will be deactivated and the Brake Line will feed the Multi-Conveyor with one more pallet layer. -Freezing State: if the second to last sensor is not active, the motors of the Accumulation Conveyor, Brake Line and Multi-Conveyor will be deactivated.
A video of the working developed plant can be watched at the following link: https://www.youtube.com/watch? v=iCz5uwxrUw8
Conclusions and future work
The paper presented an application of the digital twin concept which provides an improvement of the design process of a packaging line. The industrial manufacturing company verified and validated the final result with success.
This simulation phase continued with the development of other simulated and emulated industrial plants.
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